This study reports the use of sewage sludge generated from sewage treatment plant (STP) as raw material in a clay brickmaking process. The physico-chemical and mineralogical characterization of the sewage sludge and clay were carried out in order to identify the major technological constraints and to define the sludge pretreatment requirements if necessary. Moreover, the effects on processing conditions and/or on changes of typical final characteristics are also evaluated. Bricks were produced with sewage sludge additions ranging from 10 to 40% by dry weight. The texture and finishing of the surface of sludge-amended clay bricks were rather poor. As for the physical and chemical properties, bricks with a sludge content of up to 40 wt.% were capable of meeting the relevant technical standards. However, bricks with more than 30 wt.% sludge addition are not recommended for use since they are brittle and easily broken even when handled gently. A tendency for a general degradation of brick properties with sludge additions was observed due to its refractory nature. Therefore, sludge bricks of this nature are only suitable for use as common bricks, which are normally not exposed to view, because of poor surface finishing.
Introduction
The disposal of sewage sludge is a very important problem in many communities that face a growing opposition to the locating of new landfills or incinerators. All disposal and treatment methods have varying degrees of environmental impact. The problem of sludge disposal will intensify as the amount of sludge produced increases with the further expansion of waste-water treatment facilities.
In Malaysia, with a population of approximately 23 million people in 2002 and still growing rapidly, the amount of sewage produced (year 2002: 3.8 million tons) is steadily increasing. However, by the year 2022, it is expected that Malaysia will produce over 7 million m 3 domestic sewage sludge annually. Sewage comprises of various pollutants from domestic, com-mercial and industrial sources. Unless treated at a sewage treatment plant (STP), raw sewage and its pollutants can end up in drains, rivers and coastal waters, thus, risking public health, contaminating water resources and polluting the environment [Indah Water Konsortium Sdn. Bhd., 1997 Developing a Modern and Efficient Sewerage System for Malaysia, p. 32 (unpublished) ].
With growing social awareness about toxic incinerator emissions and the increasing concern over the disposal of sludge onto agricultural land, it seems obvious that the recovery of sewage sludge as a building and construction raw material can be considered as an important step in the right direction (Tay 1987 , Alleman et al. 1990 , Tay & Show 1997 .
The present study investigated the incorporation of wastes in clay bricks. A careful characterization of each raw material was made, and the influence of sludge proportion added to the raw materials on the properties of the final products was also examined.
Experimental procedures

Raw materials
The raw materials used in the present work were clay soil normally utilized in brick making, supplied by a local clay brick manufacturer, and the type of sewage sludge used was septic tank sludge that was collected from a local sewage treatment plant.
Preparation of samples
The raw clay was mixed with dried sewage sludge in different proportion, as reported in Table 1 . The batch formulations containing a total amount of 2300 and 2600 g solids, respectively, were prepared by a traditional method, involving the mixing of dry components followed by addition of controlled amounts of water as shown in Table 1 . The sludge-amended clay bricks were hand-moulded by compaction using a rammer.
The wet bricks were dried in the drying chambers of a local factory at approximately 150°C for 85 h. After drying and before baking, the weight and length for each brick was measured. After that, the bricks were baked in a continuous kiln with temperatures stair-stepped from 150°C to a peak temperature of approximately 985°C over a 12-h period. The bricks were then baked at 985°C for about 14 h, and finally cooled down to ambient temperature within 16 h.
Characterization of raw materials and sample
The complete characterization of the as-received sludge involved determination of its thermal behaviour, average composition, average particle size distribution, and other relevant parameters in order to evaluate its suitability to be directly incorporated into clay brick composition. The analytical methods employed are as shown in Table 2 .
Results and discussion
Characteristics of clay and sludge The moisture content (referred to as % dry mass) of the clay had an average value of 3.5% at the time of collection. Moisture content of the septic tank sludge was high with a mean value of 106.9%. This was caused by weather conditions since the sludge was exposed to a wet environment on a sand drying bed.
Samples of clay taken from the brick factory showed an average pH value of 4.67 whereas the sludge samples were found to have a mean pH value of 4.32.
Plasticity is an important characteristic, describing the ability of a soil to undergo unrecoverable deformation at constant volume without cracking or crumbling. In this study, raw clay and sludge samples to be used for clay brick making showed liquid limit values of 41 and 70%, respectively. As for plastic limit, clay recorded 24% and hence, plasticity index for clay is 17%. This value is within the plasticity index range of 7 to 18% for a good brick-making soil (ILO/UNIDO 1984) . The occurrence of plasticity in clay could be due to the presence of clay minerals that give rise to its cohesive nature, thus, causing it to act as a cement or paste (Craig 1992) .
In general, the size of particle present in the clay body affects the cohesiveness, forming characteristics, drying and baking properties of the clay (ILO/UNIDO 1984). From the particle size distribution graphs shown in Fig. 1 for clay and for sludge respectively, their texture was determined and depicted in Table 3 . The samples were analysed, using an automated light-scattering particle size analyser type Microtrac-X100 (Microtrac Inc., Montgomeryville, PA). The raw clay sample investigated contained mainly clay and silt particles whereas the sludge mainly consisted of silt size particles ranging from 0.002 to 0.06 mm. Due to the predominance of clay and silt particles (its total being 63.75%), this clay sample was referred to as fine-grained soil.
As Table 4 illustrates, the chemical composition of the raw clay sample shows that silica (SiO 2 ) was the most abundant 1984) . In other words, they lower the melting point of clay. As for sludge, the chemical analysis reported 29.26, 8.46 and 2.78% of silica, alumina and hematite, respectively, as the major oxides, which confirms its silicious character.
When both sludge and clay were subjected to loss-on-ignition (LOI) test, crystal-bound water and carbon dioxide (CO 2 ) were released from the samples. As shown in Table 5 , LOI for clay was found to be 8.89%, whereas for sludge the value was six times higher at 54.62%. This shows that sludge contains a significant amount of organic matter, which can be eliminated by burning, and is different from clay in this respect. (Si 3 AlO 10 )(OH) 2 ]. The XRD pattern (spectrum) of this sample and also that for sludge is shown in Fig. 2 . The quartz content that mainly made up this clay sample was in agreement with the results obtained from X-ray fluorescence (XRF) analysis using Philips PW 1480 spectrometer (Philips Analytical (PANalytical) B.V. EA Almelo, The Netherlands), as shown in Table 4 . For sludge, the XRD pattern revealed the presence of major minerals such as quartz and muscovite [KAl 2 (Si 3 Al)O 10 (OH,F) 2 ] as well as traces of kaolinite and gibbsite [Al(OH) 3 ]. Figures 3 and 4 show the differential thermal analysis (DTA) patterns obtained for clay and sludge respectively, which give qualitative information about thermal reaction processes using the computer-operated simultaneous TG-DTA instrument (TG-DTA 92-18; Setaram, Setaram SA, Freistaat, Germany). From Fig. 3 , two endothermic regions can be observed for clay. The first endothermic change occurs between 50 to 120°C with the most profound peak at the higher temperature due to removal of physical-bound water (dehydration) from the clay. The second endothermic change occurs with the most prevailing peak at about 520°C, where dehydroxylation takes place, and with other secondary peaks between 400 and 800°C, where decomposition reactions happen. The strong endothermic peak at about 520°C is due to the removal of chemical-bound water. This is a reaction, also known as dehydroxylation, whereby part of the actual clay structure (the hydroxyl groups) is destroyed (ILO/UNIDO 1984). On the other hand, the decomposition reactions observed in clay between 400 and 800°C are probably caused by decomposition of carbonates with the formation of oxides and carbon dioxide. The most notable oxide of all formed by these reactions is calcium oxide (CaO), which is formed from calcium minerals present in clay in the form of calcite (CaCO 3 ). As for the exothermic reactions, peaks recorded between 400 and 700°C are caused by burn-off of carbonaceous organic matter, which mainly derives from plant and animal fossils in the clay sample. Finally, the exothermic peak at approximately 965°C was probably caused by glass formation known as vitrification. Commencement of glass formation at this temperature is necessary to bond clay particles together. The clay particles exhibit a plastic flow at this temperature but are still recognizable as distinct particles. In general, most building bricks are reaching this vitrification point before final cooling, so that the end products are strong and durable, as will also be the case in this study (Alleman 1983) . Apparently, the glass formation temperature obtained here for clay was coincidentally found to be the same as the maximum brick-baking temperature (approximately 985°C) currently employed by local brick manufacturers.
The DTA pattern of the sludge sample revealed the following information (Fig. 4) . The strong endothermic peak that occurred at approximately 120°C is caused by removal of moisture from the sludge sample. In fact, dehydration of this physical-bound water commenced at about 50°C. The DTA curve shifted from endothermic to exothermic at 120°C. The marked exothermic effect was characterized by a wide exothermic peak, spanning from 120 to about 690°C. It is within this temperature interval that the combustion of organic matter in sludge happens, which accounts for the calorific value of 13 125 kJ kg -1 found for sludge.
Most brick makers make use of additives to change the properties of bricks (Prentice 1990 ). These additives, which are commonly waste products and in this case sludge, serve to modify the original raw clay, whose characteristics are largely determined by the quarried material. With this statement in mind, it was presumed that the raw clay utilized in this study would also exert considerable influence on the properties of the bricks made out of clay-sludge mixtures (i.e. 10, 20, 30 and 40 wt.% sludge added, respectively). Therefore, the maximum firing temperature applied in the local brick factory (approximately 985°C) was also employed for baking the sludge-amended bricks (including the control specimens) made in this study.
As anticipated, the percentage for drying shrinkage increased with higher sludge addition, except for bricks with 10 wt.% sludge added, which showed a 23% reduction in shrinkage compared with the control specimens, see Table 5 . The absence of montmorillonite in the clay utilized here as well as the presence of non-expandable kaolinite and illite are probably the reason for the low drying shrinkage obtained in this study (Livingston 1988) . In fact, the drying shrinkage values found for all control and amended bricks were much below the tolerable drying shrinkage limits of 7% (ILO/UNIDO 1984) .
Shrinkage during firing (brick baking) is unavoidable. Firing shrinkage in this study did not increase as reported by Alleman (1983) but decreased with higher sludge addition (see Table 5 ). However, the decrease in firing shrinkage of bricks that were made with additions of up to 50 wt.% sludge was reported by Ang (1982) . Fortunately, the firing shrinkage values obtained in this work for all control and amended bricks were much below the desirable firing shrinkage limits of between 6 and 8% (ILO/UNIDO 1984).
One convenient indicator of brick strength and soundness is the water absorption (McNally 1998). The degree of firmness and compaction of bricks, as measured by their water absorption characteristics, varies considerably depending on such factors as type of clay and methods of production used (Slim & Wakefield 1991) . Table 4 also shows that water absorption of bricks increased with sludge addition. Apart from the low moulding pressure applied when using hand mould, the observed increase in water absorption of sludgeamended bricks was caused by increased formation of internal voids due to burn-off of organic matter in the sludge.
All construction materials must resist stress resulting from the load of the building. Hence, the useful strength of a material, in this case sludge bricks, is equal to the stress at failure. As the strength of dry bricks is obviously higher than that of wet bricks, the former were immersed in water before testing to subject the bricks to more severe condition (ILO/ UNIDO 1984) . In stark contrast to the increasing trend of water absorption obtained, the compressive strength of the bricks decreased with addition of sludge (as seen in Table 5 ). The resulting compressive strength shown in Table 5 range between 8.9 N mm -2 for the 10 wt.% sludge bricks, and only 2 N mm -2 for bricks with 40 wt.% sludge. In fact, 10 wt.% sludge addition caused a 44% decrease in strength compared with the control specimens made.
Dried sludge incorporated in the clay brick mixture gave rise to a lower brick weight, higher water absorption and lower compressive strength, when compared with bricks obtained without the addition of sludge. However, these changes in properties need not necessarily be seen as detrimental especially if the bricks are durable. Many of the higher strength, low absorption bricks are used in situations where these properties are not required. They are often obtained as a result of producing durable bricks, but it is well known that there is no general relationship between durability and these properties. Low strength, high water absorption bricks can be as durable as those with the reverse properties (Churchill 1994) .
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Appearance Most of the bricks with different sludge proportions added were prone to develop minor surface cracking. Some bloated specimens were also found in sludge bricks. Problems with cracking and bloating are indicative of an undesirable gas evolution from the decomposition of organic matter of sludge during the later stages of firing. These gases include steam and carbon dioxide. At the range of vitrification employed, with temperatures at about 985°C, the clay matrix enters a semimolten state with a corresponding increase in plasticity. As such, the brick body becomes susceptible to excessive expansion due to the internally trapped gases.
Another problem seen only in sludge bricks was black coring. Although not visible on the surface, broken brick revealed an internal black or darker shade than its exterior coloration, as seen in Fig. 5 . In general, time is required to heat the bricks so that oxygen from air supplied in the kiln would be able to diffuse in, and the carbon dioxide produced diffuse out. As the organic matter in the sludge bricks was probably not completely burned off while firing in the kiln before the temperature rose to the vitrification point (where a glassy skin forms rapidly on the outside of the bricks), diffusion processes were not possible and a reducing environment was created in the interior of the bricks, thereby, causing unburned carbon to remain within the bricks as undesirable black cores (ILO/UNIDO 1984) .
From the aesthetic view, the surface texture of the bricks was uneven with the appearance of many pores, thereby ruling out its use as facing bricks. This is due to an increase in surface roughness with sludge addition in bricks. Sludgeamended bricks, however, are still attractive because they appear light red in colour. Apart from their importance as pigments in clay, iron oxides are also vital as pigments in the final brick (Livingston 1988) .
Applying scanning electron microscopy (SEM), using an ESEM XL 30 (FEI Company, Hillsboro, Oregon) Philips in low vacuum mode, differences in pore structure and cracks in the ceramic bodies of bricks could be identified. Generally, the bricks exhibited an increase in the numbers of pores and cracks with increasing sludge addition, as seen in Fig. 6 . In fact, the texture of the bricks changed considerably with significant growth of pore sizes. As sludge addition increased from 10 to 40 wt.%, the respective bricks exhibited a significant progressive growth of pores. In fact, the presence of elongated pores in brick products, which was observed in this study, has been previously noticed in highly vitreous structural clay products (Brownell 1976) .
The decreases in compressive strength and increase in water absorption with rising sludge additions in the bricks are due to the changes in pore structure with gradual pore coarsening and formation of cracks as observed.
Conclusions
The results presented and discussed in the present study show that sewage sludge from sewage treatment plants can be regarded as an interesting raw material for the fabrication of clay bricks fired at normal temperatures. A degree of sludge incorporation between 10 and 40 wt.% can be utilized for amendment of normal clay as shown in the study. As the clay brick industries daily process thousand of tons of raw materials, the utilization of sewage sludge for brick making seems to be a promising approach in solving the sludge problem in wastewater treatment.
In general, the addition of sludge in proportions of up to 20 wt.% does not induce significant changes in the relevant functional characteristics of the bricks. As for the physical and chemical properties, bricks with up to 40 wt.% sludge were capable of meeting the relevant technical standards. However, bricks with more than 30 wt.% sludge addition are not recommended for use, since they are brittle and easily get broken even when handled gently. A high amount of sludge addition also has a pronounced effect on pore structure of the amended clay bricks, causing uneven and rather poor surface textures. Thus, sludge bricks may not be suitable as facing bricks due to their poor surface texture and finishing, unless wall plasters (cladding or rendering) are applied. Due to the reasons mentioned above, the main market for sludgeamended clay bricks is the application as common bricks for construction, which are normally not exposed to view.
